Our samples were synthesized using the Pechini sol-gel method. The structural study using Rietveld refinement of XRD patterns showed a hexagonal structure with the P63mc space group for all the samples and also the existence of a secondary phase attributed to the praseodymium oxide (Pr 6 O 11 ) for 2% wt Pr-doped ZnO. The refinement results revealed that both the lattice parameter and the unit cell volume increase with the increase of Pr content. X-ray peak broadening analysis was used to evaluate the crystallite size and lattice strain by the Williamson-Hall (W-H) method and sizestrain plot method (SSPM). The physical parameters such as strain, stress and energy density values were also calculated using the W-H method with different models, namely uniform deformation model (UDM), uniform stress deformation model (USDM) and uniform deformation energy model (UDEDM). The obtained results showed that the mean particle size of the ZnO and Pr 0.01 Zn 0.97 O estimated from W-H analysis and the SSPM method are highly intercorrelated. Shifting of the absorption edge to lower wavelength and blue shift of the band gap are observed in the UV-visible spectra of Pr-doped ZnO samples. Particular emphasis was put on the PL measurements of such composites. A noticeable decrease of the maximum intensity of PL response was found after adding Pr 3+ to ZnO. This finding is discussed in terms of the photo excited limitation of electron-hole pairs in such nanocomposites.
Introduction
Recently, nanostructured ZnO materials have drawn much attention thanks to their potential applications in electronics, optics and photonics. [1] [2] [3] [4] [5] In particular, ZnO synthesized under nano-size forms have found wide applications in ultraviolet (UV) lasers, solar cells, capacitors, varistors, gas sensors, transparent UV resistance coatings, photo printing, electrophotography, electrochemical and electromechanical nanodevices, sunscreen lotion (cream), cosmetic and medical creams, etc.
6-9 Some of the future applications include catalysts for organic reactions and delivering drugs to infected areas of the body. 10 The optical properties of ZnO depend mainly on the microstructures of the materials, including crystallite size, orientation, morphology, defects and lattice strain. It is necessary to study the size-dependent properties of ZnO particles and to explore their applications in various areas of nanotechnology. Moreover, it is important to look for simple and cost-effective approaches to synthesize ZnO in the ultra-small size range where the quantum connement effect and surface effects may be prominent and to study their structure-dependent properties. While a majority of the studies have focused on the optical properties of ZnO nanostructures, to date, very few studies have been carried out to understand the microstructure of ZnO material. Numerous methods such as the physical vapor deposition (PVD) and the chemical vapor deposition (CVD) have been devoted to prepare ZnO particles with exciting structures. However, these methods usually require high temperature, multiple steps and expensive equipment. 11 On the contrary, wet chemical processes seem more attractive for many reasons: their low cost, better safety, and thus ease scaling up; compatibilities with exible organic substrates and the growth process may occur at relatively low a temperature, which reduces the need for metal catalysts. Besides, there are a variety of parameters that allow to effectively control the morphologies and properties of the nal products. 12 Wet chemical processes such as spray pyrolysis 13 hydrothermal process 14 sol-gel processing, 15 precipitation 16 and co-precipitation 17 are cost effective and scalable and have been used in the synthesis of a wide variety of ZnO nanostructures.
11 Among these methods, sol-gel is a promising method that is known as a facile, reproducible, convenient, cost effective synthesis procedure and provides an effective way for the preparation of uniform nanostructured materials. 18 Moreover, the sol gel method offers various advantages for the doping process, such as (i) the lower temperature of the process allows the avoidance of any undesired dopant phase, and (ii) a low (trace) concentration can be used, which is more easily introduced into the structure of the oxide. 19 Generally, the electrical and optical properties of the semiconducting material systems are improved through doping some foreign trace elements. Doping ZnO nanoparticles by rareEarth (RE) ions has received great attention due to the exclusive optical properties originating from the 4f transitions.
20,21
Besides, there are reports on the results of Europium doping.
22
Moreover, the structural, optical and electrical properties of the RE cations depend on the host structure and dopant composition. 23 Considering the unique optical properties, along with the tunable emission wavelengths ranging from blue to infrared region, Pr 3+ ions, a well-known activator dopant is used in the current study. 24 The sharp and intense emissions of this rare earth metal in its trivalent form could support the fore mentioned application aspect. 25 The [26] [27] [28] [29] and found their main application in lasers, to the authors' knowledge, only a few reports exist on Pr-doped ZnO. 30, 31 For this reason, we intend to study the effects of Prdopant on the structural; morphological and optical properties of ZnO nanoparticles. In addition, it has been reported that Pr doping is effective in improving the optoelectrical performance of ZnO lms. [32] [33] [34] Furthermore, a ZnO:Pr varistor doped with Co and K has a reliability, high quality, good and hardly varied varistor characteristics such as a varistor voltage and an insulation resistance. One or more rare earth cations including Pr were doped to ZnO and some other metal oxides to fabricate an electroluminescent solid state device. Mataranglo et al. reported that a Pr-doped ZnO photocatalyst showed the better photo catalytic performance for dislocating and mineralizing Eriochrome Black T in aqueous solution both under UV and visible-light illumination than Ce-or Eu doped ZnO photo catalysts.
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Therefore, we have carried out a systematic study on the synthesis of pure ZnO and rare earth element Pr-doped ZnO by the sol gel method. In addition, a comparative evaluation of the mean particle size of pure and doped ZnO obtained from powder XRD procedures is reported. The strain associated with the ZnO and Pr 0.01 Zn 0.97 O sample due to lattice deformation was estimated by a modied form of W-H, namely uniform deformation method (UDM). The other modied models, such as uniform stress deformation model (USDM), uniform deformation energy density model (UDEDM) and the size strain plot method (SSPM) allow to understand the stress-strain relation and the strain 3 as a function of energy density (u). Furthermore, we investigated the structure and the photoluminescence (PL) properties of the resulting samples in detail. 11 ) and citric acid. All reagents were provided by Sigma-Aldrich. The reagents were weighed according to their stoichiometric amounts. In this process, stoichiometric amounts of the precursors were rst dissolved in distilled water to obtain a mixed solution. Subsequently, when these precursors completely dissolved in the solution, controlled amounts of citric acid were incorporated and dissolved while stirring. The mole ratio was xed as 1 : 1 of precursors to citric acid. A small amount of ammonia was added to the solution to adjust the pH value at about 7. The solution was heated on a hot plate under regular stirring to 363 K. Then, ethylene glycol was added as a polymerization agent. Heating and stirring continued for about 4 h until obtaining a gel. The obtained gel was dried at 473 K to attain dry foam which was ground in a mortar, then dried at 400 C for 12 h in air. The powder was obtained aer subsequent treatments. Finally, the obtained powder was pressed into pellets and sintered at 600 C (12 h), 600 C (12 h) and 600 C (6 h) in order to obtain the corresponding phase. Various reports available for the synthesis of ZnO and Pr doped ZnO using the same temperature.
Experimental

Preparation of Prx
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Instrumentation
Solid phases were identied by powder X-ray diffraction (PXRD) "PANalyticalX'Pert Pro" diffract meter with ltered (Ni lter) Cu radiation from 2q ¼ 5 to 90 at a count rate of 23.6 s per step of 0.017 at room temperature. The PXRD was rened by the Rietveld method 40 using the Full proof program (version 1.9 CMay 2016-LLB-JRC). Background, scale factors, zero-point positions, cell parameters, atomic positions, and prole coefficients for the Pseudo-Voight/FCJ asymmetric peak-shape function were rened until achieving convergence. The microstructure studies were performed using scanning electron microscopy (SEM) along with EDX. The pictures were taken at room temperature on a Phillips XL30 equipped with a eld emission gun at 20 KV. The UV-Vis DRS spectra in a wavelength of 300-1800 nm were recorded through a UV-Vis spectrophotometer (SHIMADZU UV 3100S) with an integrated sphere for determining the band gap.
The photoluminescence measurements of the prepared samples were performed under variable temperatures (10-300 K) using closed cryostat. The PL was excited with a 266 nm line of a laser lamp. The signal was detected through a 250 mm Jobin-Yvon monochromator and by a GaAs photomultiplier associated with a standard lock-in apparatus.
Results and discussion
X-ray diffraction analysis
The structural properties of the samples were analyzed by powder X-ray diffraction. A typical XRD pattern of the nal product is shown in Fig. 1 . The investigated samples showed sharp and intense peaks of hexagonal Wurtzite structure of ZnO.
41 For Pr 0.01 Zn 0.97 O, a peak located at 2q ¼ 28.10 emerged,
as shown in Fig. 1 (marked with *), which is assigned to Pr 6 O 11 phase. 42 It is well known that, for high concentration of Pr, ZnO undergoes a signicant phase segregation and/or phase separation. 43 This can be attributed to the different of dimensions of the two atoms, coherently with the highest ionic radius of Pr with respect to Zn. According to Shannon, 44 the ionic radii of Zn and Pr are, respectively, r Zn 2+ ¼ 0.66Å and r Pr 3+ ¼ 1.13Å.
Moreover, Pr has a +3 charge and Zn 2+ charge, so a different content (major) of oxygen is necessary to ensure the stoichiometry of the resulting mixed oxide. Then because of the high mismatch that the substitution of Pr causes, only a small quantity of this dopant could be tolerated by the ZnO structure and consequently the excess of dopant is found as a secondary phase. Although, Pr atoms incorporation preserves the hexagonal wurtzite structure. The crystallite size is affected by Pr. The incorporation of Pr atoms in the particles matrix may alter the nucleation step during particles, which consequently reduces the size of crystallite. The same conclusion was reported by Kumar et al. 45 in doped ZnO thin lms, Srinivasan et al. 46 in Mndoped ZnO, Paul et al. 47 in Zr-doped ZnO thin lms, Nunes et al. 48 in Al-doped ZnO thin lms and Nahm 49 in V 2 O 5 -doped ZnO ceramics. The XRD data of the samples were subjected to Rietveld renement using Full proof program, based on the low values of the residuals for the weighted pattern R wp , the pattern R p , the structure factor R f and the goodness of t c 2 , as listed in 50 where the Zn atoms were located at 2a (1/3, 2/3, 0) position and oxygen vacancy at a 2b (1/3, 2/3, z) position. The doped sample Pr 0.01 Zn 0.97 O has peaks that do not rene in P63mc hexagonal structure. These peaks are related to the presence of a minor (Pr 6 O 11 ) phase, which crystallizes in a monoclinic structure with P21/c space group (no. 14). Their renement results are given in Table 1 . We can see from Table 1 that the presence of Pr leads to an increase of the cell parameters as well as the cell volume of the ZnO. A similar increase in the lattice parameters was reported for (PrZnO) by various researchers. 51, 52 This behavior can be related to the larger ionic radius of Pr ion. It is also conrmed by the evaluation of the (Pr, Zn)-O bond length distance using Rietveld renement, which also increased with Pr content (Table 1 ). The calculated angles conrm the hexagonal structure of all the samples. The insets (a), (b) and (c) illustrate the hexagonal structure of ZnO, Pr 0.01 Zn 0.97 O and the monoclinic structure of the impurity (Pr 6 O 11 ) on the basis of the parameters obtained from the Rietveld renement of such samples.
Particle size and strain
By dividing Ka-doublet of all observed peaks, we found that the peaks would be implicitly described by the Cauchy function. Therefore, while determining the physical broadening; the hardware broadening is subtracted from the integral width of the experimental peaks. Considering that the forms of mathematical functions that describe different types of physical broadening are unknown, different methods were proposed to determine microstructural parameters (crystallite size and micro strain). The analysis of the crystallite size was carried out using the broadening of XRD peaks. Generally, peak broadening results from both nite crystallite size and strain effect within the crystal lattice. The crystallite size (D) was calculated using Scherrer's method (SM), Williamson-Hall method (WHM), and size strain plot method (SSPM).
Debye Scherrer method (SM).
Average crystallite sizes for each sample were calculated using the Debye-Scherer formula
where D is the mean size of the ordered (crystalline) domains, which may be smaller or equal to the grain size, K is a dimensionless shape factor whose value is taken to be 0.9, l is the X- Table 2 Estimated crystal size using the Scherrer equation, crystallite strain using the W-H and 53 These effects need to be decoupled by collecting a diffraction pattern from the instrument line broadening using standard material, such as pure silicon.
54 Therefore, the mean crystallite sizes of the ZnO and Pr 0.01 Zn 0.97 O nanoparticles were calculated using eqn (1). The calculations were performed for the crystallographic plane (101) because it has the strongest line for all the investigated samples. The results are shown in Table 2 . These results indicate that the mean crystallite size decreases with the doping level varying from 46 nm in pure ZnO nanoparticles to 23 nm in 2% wt Pr doped ZnO. This evolution can be due to the disorder created in the crystal lattice by the incorporation of Pr ions. Our results for mean crystallite size are similar to those reported by Palvinder Kaur et al. 55 in Gd doped ZnO.
Williamson-Hall methods (WHM)
Uniform deformation model (UDM).
Ignoring the strain-induced broadening due to crystal imperfection might leads to an underestimation of the crystallite size. According to Stokes and Wilson, there is a relationship between the strain, 3 and the breath, b from the Scherer lines, where the maximum strain can be obtained using eqn (2) .
Aerwards, Williamson and Hall considered size-induced broadening, b D and strain-induced broadening, b 3 , and proposed a method as stated in eqn (3) to separate size and strain related broadening in XRD pattern, where the breadth of the Bragg peak, b hkl is the sum of these contributions.
The size and strain induced broadening obtained from eqn (1) and (2), respectively, can be substituted into eqn (3), then rearranged to give an equation as follows:
Eqn (4) is called Williamson-Hall equation. It assumes that the strain is uniform in all crystallographic directions and known as uniform deformation model (UDM). In this model the crystal is considered as isotropic in nature and it is assumed that the properties of a material are independent of the direction along which it is measured. A plot of b hklcos q hkl against 4 sin q hkl is shown in Fig. 3 . Accordingly, the slope and y-intersect of the tted line represent strain and particle size, respectively. The plots showed a negative strain for the samples. This strain may be due to the lattice shrinkage observed in the calculation of lattice parameters. The results of the UDM analysis for the samples are summarized in Table 2 .
Uniform stress deformation model (USDM).
In the uniform stress deformation model there is a proportionality between stress and strain given by s ¼ Y3 which is known as Hook's law within the elastic limit. In this relation, s is the stress and Y is Young's modulus. This equation is merely an approximation that is valid for a signicantly small strain. Assuming that small strain is present in the pure ZnO and doped ZnO particles, Hook's law can be applied to estimate the lattice deformation stress. Beyond the elastic limit or with a further increase in strain, the stress in the particles deviates from this linear proportionality. Hence, by assuming that the lattice deformation stress remains uniform in all crystallographic directions, the strain factor of eqn (4) 
For a hexagonal crystal, Young's modulus is given by the following relation Y 58 . Morever, a graph is drawn between 4 sin q hkl and b hkl cos q hkl and tted as straight line. The uniform deformation stress and crystallite size are estimated from the slope and y-intercept of the graph respectively. Thus, the lattice strain extracted from the crystal is measured by using the Y value. From Fig. 3 , it can be seen that athoughthere is a small scattering of experimental data points closer to the linear t, it allows the uniformity of the stress to a reasonable approximation. Herein, the scatter of data points from the linear t is due to the introduction of anisotropic Young's modulus in eqn (5).
Uniform energy density model (UDEDM).
As already described, the lattice strain and density of deformation energy are assumed as anisotropic, unlike the deformation stress which was isotropic. This homogeneity and isotropy of nano crystalline materials are no longer consistent; here the anisotropic nature of the lattice deformation stress is also taken into account. The deformation energy (energy per unit volume) as a function of strain is given by Hook's law as:
. Hence, the W-H eqn (5) is modied to uniform density model (UDEDM) as given in eqn (7).
Here the deformation stress and deformation energy density Then, the deformation stress and the lattice strain were extracted from the deformation energy density value by knowing Y values. The UDEDM results are shown in Table 2 . 3.2.3 Size-strain plot method (SSPM). As can be seen from Fig. 5 , the points are widely spread around the tted line. This obviously indicates that either some other parameters of the studied powders were not taken into account in the used model or that other methods should be used. There is another model that can be used also to determine the crystallite size (D)-the size-strain plot method. This method has the advantage that less weight is given to data from reections at height angles, where precision is usually lower. In this approximation, it is assumed that the ''crystallite size'' prole is described by the Lorenztian function and the ''strain prole'' by the Gaussian function:
where K is constant that depends on the shape of the particles (for spherical particles, K ¼ 3/4). Fig. 6 shows the plots of (d hkl b hkl cos q hkl ) 2 and (d hkl 2 b hkl cos q hkl ) on y and x axes, respectively. In this case, the particle size is calculated from the slope of the linearly tted data and the root of y-intercept gives the strain. As can be seen from Fig. 6 , all the experimental points match well with the straight line. The results obtained from the Scherrer's method (SM), W-H models (UDM, USDM and UDEDM) and (SSPM) methods are shown in Fig. 3-6 and Table 2 . The values of the average crystallite size of ZnO and Pr 0.01 Zn 0.97 O ceramics obtained from the different models are more or less similar, implying that the inclusion of strain in various forms has a very small effect on the average crystallite size. By exploring the plots, it appears that the result of the (SSPM) model is found to be more accurate than the UDM, USDM and UDEDM models, as the data were tted more accurately in this model, with all highintensity points touching the linear t.
Morphological studies
In order to check the existence of all the elements in the ZnO and Pr doped ZnO compounds energy dispersive X-ray analysis was performed. EDX plot of the samples is shown in Fig. 7 and the resulted cations proportions are indicated in Fig. 7 shows the scanning electron microscopy (SEM) photograph for the two samples. The micrographs indicate that the grains are uniformly distributed over the entire surface of the samples.
Optical properties
3.4.1 UV-visible. Fig. 8 shows the optical absorbance of pure ZnO and Pr doped ZnO composites in the range of 300-600 wavelengths at room temperature. UV-Vis absorption spectra have been used to determine the change in the energy band structure of ZnO due to Pr content. At a rst glance, it can be seen that the optical absorption of the two samples show a strong absorption around 340-375 nm, and the absorption edge is shied to lower wavelength upon Pr doping in ZnO. The values of band gap for pure ZnO and Pr-doped ZnO nanoparticles calculated by the Kubelka-Munk method, 59 lead to two values which are 3.27 and 3.12 eV, corresponding to ZnO material and Pr doped one respectively as shown in the inset of Fig. 8 . This blue shi in band gap can be attributed to the phenomena called Burstein-Moss effect. 60 In metal oxide system, it is reported that particle size reduction results in a blue shi of band gap due to quantum connement effect.
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This is consistent with results obtained in the 'XRD' section where the crystallite size of ZnO nanoparticles is decreased by adding Pr. In addition, Pr 3+ ions incorporated into the ZnO lattice can form a shallow level inside the band gap resulting in the decrease in the band gap energy. The same result was also found by. and quality of materials. Fig. 9 shows PL spectra of undoped ZnO and Pr-doped ZnO nanoparticles at 10 K. At a rst glance, undoped ZnO and Pr-doped ZnO spectra seem to have the same behavior. The spectrum of ZnO consists of a sharp emission peak (P1) situated at 372 nm which is a near band-edge emission 52 that usually considered a characteristic emission of ZnO and is attributed to band-edge emission or donor-band excitation, 63 this is justied in absorption spectrum. Another broad green emission band (P 2 ) shown in the PL spectrum of ZnO situated at 575 nm was usually attributed to oxygen vacancies, zinc vacancies and surface defects. 64, 65 A blue shi in the visible emission of ZnO nanoparticles was observed to take place towards lower wavelength region from 575 nm to 473 nm on the introduction of Pr ions into ZnO lattice and a signicant quenching of the maximum UV/VIS emission. Such a PL quenching in the UV/VIS emission may be due to change in the defect chemistry of ZnO:Pr samples and it is consistent with successful substitution of Pr ions in ZnO lattice reported in ref.
66.
3.4.2.2 Photoluminescence study at room temperature. Fig. 10 and 11 depict PL spectra of pure ZnO and Pr-doped ZnO nanocomposites obtained at different temperatures from 10 K to 300 K, for an excitation wavelength of l ¼ 2660Å. The PL intensity of the two samples fell remarkably until 300 K with increasing temperature. This fall is attributed to the phonon density in the system that rises with the temperature, and therefore, non-radiative relaxation of the excited electron-hole pairs becomes predominant. 66 To investigate the mechanism governing the behavior of PL responses of the two samples, the inverse temperature dependence of integrated PL intensity of each band were performed. The activation energy was calculated by tting the spectra using Origin Pro8 us soware and the model determined by G. Saint-Girons et al.
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where I PL (T) is the PL intensity at a given temperature, I 0 is the intensity at 0 K, a and b are tting parameters, E a is the activation energy, K B is the Boltzmann's constant, and T is the absolute temperature. The results of these ttings are depicted in Fig. 12 and 13 . The thermal activation energies are calculated from the best-t parameters and summarized in Table 4 . The activation energy is found to decrease with introducing Pr ions in ZnO lattice. Their values are mainly related to the density and Fig. 12 Temperature dependence of the integrated PL intensity for (P 1 ) and (P 2 ). Fig. 13 Temperature dependence of the integrated PL intensity for (P 2 ) and (P 3 ). the distribution of traps in the material. 68, 69 The incorporation of Pr 3+ ion affects at least as much the substance's order as the structure impurities in ZnO. 70 
Conclusion
In summary, pure and Pr-doped ZnO nanoparticles have been synthesized by sol-gel method and characterized by X-ray diffraction and PL technique. The Rietveld renement from the X-ray diffraction patterns, showed a hexagonal structure wurtzite for the investigated samples and the appearance of minor impurity phase identied as praseodymium oxide (Pr 6 O 11 ) belonging to a Monoclinic structure for Pr doped ZnO. An increase in the lattice parameters of the hexagonal unit cell has been observed with increasing Pr content. This possibly occurs due to the difference in ionic radii of Zn 2+ and Pr 3+ ions.
Furthermore, the line prole of the scanned XRD patterns was analyzed by Scherrer formula, modied forms of Williamson Hall analysis and size strain plot method. In Scherrer equation, the physical origin of peak broadening is due to the crystallite size alone, which the evaluated crystallite size could be underestimated. However, in Williamson Hall analysis and SSPM method, the peak broadening is contributed by crystallite size and lattice strain. According to the results, SSPM method obtains the best tting line to the data points among other techniques, with leads to high precision of estimated values for these types of materials. Blue shi in band gap attributed to Burstein-Moss effect may be a consequence of the incorporation of Pr 2+ in ZnO lattice. The PL results suggest that the ZnO sample could sensitize the rare-earth activator and lead to an energy transfer, resulting a blue emission bands. The latest property seems so interesting for possible optoelectronic application since a cost effective process has been used to prepare composite material. Further studies are in progress to test these products as structures having oxygen vacancy in some sensitivity applications such as photo catalysis, gas and biosensors.
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